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ABSTRACT 
This study investigates the radiation tolerance of 
chromium-silicon dioxide-silicon capacitors as a function 
of varying oxide thickness and at one and ten megarad Co"0 
gamma irradiation. 
The MOS capacitors in this study were fabricated from 
p and n-type,<lll> and <100> surface orientation silicon 
wafers of 1.1 to 5 ft*cm resistivity.  A range of 23 to 
1114 A thickness oxides was produced by a thermal oxidation) 
in dry 03.  Vacuum deposition of chromium and aluminum 
contacts completed the processing. 
Both 1 MHz and 100 Hz capacitance-voltage curves were 
recorded before and after irradiations of one megarad for 
the chromium and aluminum contact samples to allow the 
changes in effective oxide charge and oxide-silicon inter- 
face state density to be determined.  These measurements 
were repeated at ten megarad for the chromium samples. 
The two thinnest oxide chromium contact capacitors were 
also subjected to conductance-voltage measurements.  Inter- 
face state density was determined with both the low fre- 
quency capacitance dispersion and the ac conductance tech- 
niques. 
The radiation induced oxide charge of about lO^O cm"2 
in the n-type samples was negligible, but an oxide thick- 
ness dependent amount ranging to 10*2 cm"2 appeared in the 
p-type samples.  Comparison of the induced charges indica* 
ted that the chromium contact samples produced about one- 
half that of the aluminum contact samples.  Further com- 
parison with similar aluminum-steam oxide samples evidenced 
the chromium-dry O2 samples with about one-eighth of the 
induced charge of the steam samples.  Interface state 
densities ranging to midband peaks of 5xl0^2 cm"2y-l were 
recorded, and these did not vary significantly with ir- 
radiation. 
The thin oxide samples, after a one megarad dose, 
showed no significant variation in either effective oxide 
charge or interface state density. 
1. INTRODUCTION 
Adapting metal-oxide-silicon semiconductor (MOS) 
devices to provide radiation tolerant[l] electronic cir- 
cuits has been the object of considerable investigation 
over the past ten years.  Advantages such as ease of mono- 
lithic integration, low power dissipation, low volume or 
weight, and high integrated device densities have encour- 
aged this effort.  Improving the MOS processes to provide 
circuit tolerance in radiation environments has given a 
large impetus to the understanding of basic MOS device 
physics. 
1.1 RADIATION ENVIRONMENT 
Nuclear power and propulsion reactors, electron and 
ion beam processing, nuclear weapons, and space radiation 
are examples of the situations where MOS devices may be 
subject to radiation.  The most important radiation en- 
vironments appear in Table 1 [2].  Complicating the effects 
of the radiation environment are considerations of amount 
of radiation absorbed during exposure, or dose; and the 
intensity of exposure, or dose rate, as in the transient 
but intense nuclear weapon burst or as in the continuous 
but low level impingement of gamma and high energy part- 
ticles on the communications satellite.  This study is 
concerned only with continuous radiation effects resulting 
from several types of particles and rays impacting semi- 
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conductor devices. 
1.2 RADIATION EFFECTS AND MODELS 
The two main types of degradation are ionization 
effects which is mainly hole-electron pair production by 
photoabsorption, and atomic displacement effects resulting 
from heavy, energetic particle collisions with the target 
material.  Photons, X-rays, electrons, and gamma rays of 
energies up to a few MeV contribute mostly to ionization 
damage, whereas fast neutrons dissipate up to 50%[3] of 
their energy in atomic displacements. 
The common denominator of radiation damage is the 
unit Rad which is defined to be the amount of radiation 
necessary to dissipate 100 ergs(or equivalently 6.25x10*3 
eV) per gram in the target material.  The Rad(Si) was 
originally defined with respect to a silicon target, hence 
the postscript (Si) [4].  Radiation damage from a flux 
of one of the mentioned particles or rays may be equated 
to damage from the others with the use of conversion fac- 
tors.  For example, 3x10? cm"2 l MeV electrons  are equi- 
valent to one Rad.  System operating conditions may typ- 
ically range from one kilorad for a solar flare in space 
to ten megarad for reactor control electronics. 
The ionization and displacement damage effects semi- 
conductor devices in two primary areas, the bulk semicon- 
ductor and the dielectric.  Radiation effects in the bulk 
semiconductor material are most significant for junction 
and bipolar devices.  The radiated energy is dissipated in 
junctions and bulk semiconductor as transient photocurrents 
from enhanced generation-recombination and in relatively 
permanent displacement damage which increases trap den- 
sities.  Both effects cause increased reverse currents, 
and displacement damage also decreases minority carrier 
lifetime and mobility. 
Radiation effects in dielectrics are most significant 
for MOS devices where the insulator properties determine 
important operating parameters, such as capacitance-volt- 
age characteristics in MOS capacitors, or threshold volt- 
age and transconductance in MOS transistors.  Displace- 
ment damage in dielectrics causes effects similar to but 
more permanent than ionization damage. 
MOS devices respond to ionizing radiation in both the 
interior of the dielectric and the silicon dioxide-silicon 
interface.  Substrate effects in MOS devices have only a 
secondary influence through the reduction of carrier 
mobility in the channel.  As the incoming radiation dis- 
sipates energy through hole-electron pair production in the 
insulator of an MOS device, positive charge trapping oc- 
curs which alters the threshold voltage.  Radiation induced 
surface effects in MOS devices are visible as a distortion 
in the device characteristic curves.  This distortion is 
most evident in the depletion and weak inversion regions 
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of operation where free charge carrier concentrations in 
the bulk semiconductor at the oxide-semiconductor interface 
are low, and where the larger bias dependent charge in the 
interface traps reduces the surface potential in a manner 
similar to a variable quantity of oxide charge concentrated 
at the same interface.  Both of these effects, oxide 
charges and interface states, are dependent on the applied 
bias during irradiation and tend to increase with radiation 
dose. 
Gregory and Gwyn[3], in a recent review of the rad- 
iation tolerance state of the art, list insulator chargs 
trapping and fast insulator-semiconductor interface state 
creation as effects which are neither well characterized 
or well understood, even without the complication of a 
radiation environment.  Experimental variation of oxide 
growth temperature, silicon orientation, and cleanliness 
has been used to resolve trends in the radiation effects, 
but theoretical models are somewhat speculative. 
The available models for oxide charge trapping may 
be grouped into three main classes:  extrinsic models 
which consider motion and trapping by impurities, intrin- 
sic models based on bonding defects in pure silicon 
dioxide, and oxide current models. 
Snow, et al.[5] considered a theory of oxide space 
charge build-up, first noting that AV, the resulting volt- 
age shift, is dependent on the voltage bias during irrad- 
7 
iation, saturates with dose, and changes with applied 
voltage under additional irradiation.  In this model a 
space charge occurs as relatively immobile holes are trap- 
ped in a spatially uniform distribution of single level 
traps.  The MOS oxide voltage was divided into the volt- 
age across the oxide space charge and voltage Vj, across 
the remaining bulk oxide.  The resulting equation for the 
silicon image charge build-up:  -Qr=/2ic0e0qNtVi correctly 
predicts the gate voltage polarity and saturation of Qr 
with dose(where V^ tends toward zero).  The model incor- 
rectly assigns a square root dependence of Qr on Vj_.  Mod- 
ification of this model by Snow, et al. produced the exp- 
erimentally correct linear voltage dependence of Qr by 
making the hole occupation of the space charge layer traps 
proportionals to the potential within the layer and assuming 
the traps uniformly distributed in energy.  Also, it was 
stated that a decaying high trap density, from the inter- 
face toward the bulk will explain all experimental effects. 
In attempting to create a quantitatively accurate 
model, Mitchell[6] derived equations describing the rad- 
iation induced voltage shift in MOS structures in terms of 
a hole-electron pair generation rate g, gate voltage Vg, 
and an oxide uniform in all properties with initially no 
space charge.  Work functions and surface state densities 
were ignored.  Electron diffusion was cited as a reason for 
a nonzero AVg at an irradiation bias of Vg»0, but the 
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model, does not account for this.  The predictions of a 
(l-e"PD) charge build-up dependence on total dose (where 
8 is an empirical constant), are a linear AV„ dependence 
on V during irradiation, and an independence of AVg from 
dose rate, which agrees well with experimental results. 
However, quantitative agreement depends on assumptions of 
varying electron mobility-lifetime products throughout the 
oxide, a small amount of electron trapping, and space 
charge accumulation within 200 A of the cathode-oxide 
interface. 
Neither of the two previous models makes any claims 
as to the actual physical parameters governing the rad- 
iation response of MOS devices and this probably accounts 
for most of the experimental discrepancies.  Trap density 
and distribution in both energy and space must be well 
defined.  Also, surface state densities and metal-semi- 
conductor work function differences form significant 
parts of the oxide voltages, according to more recent 
publications. 
Zaininger[7] described an extrinsic model for oxide 
charge trapping based on the observation that metal ion 
contamination tended to produce a greater radiation sen- 
sitivity in thermal Si02 films.  He suggested that ions 
such as sodium modified the oxide network, preventing 
oxygen bridging between two silicon atoms thus forming 
=SiO~, a negatively charged stationary hole trap, for each 
9 
=SiO"+Na radical. Also discussed is the variation in AVg 
with irradiation bias voltage, and etching experiments 
which show oxide charge accumulation to be limited to 
within 100 A of the oxide-silicon interface for zero ir- 
radiation bias. 
An intrinsic model which is independent of the effects 
of the excessive impurity concentration was proposed by 
Gwyn[8],  Electrons from strained Si-0 bonds and local- 
ized 0 bonds form low donor trapping levels.  Gwyn does 
also admit to impurity enhancement of the broken bonds and 
hole trapping. 
Revesz[9] details a similar theory with discussions 
of ir bond maximization, bond strain minimization, and bond 
polarizability along with the influence of radiation in- 
duced oxide energy increases.  He describes the oxide 
layer as a structure of rings having four to eight units, 
each unit being the tetrahedral Si02-  The Si-0 bond is 
mainly covalent in character with a  bonding between silicon 
sp^ hybrid orbitals and oxygen 2p orbitals.  The additional 
energy imparted to the structure increases TT bonding, the 
tendency for 0 2p electrons to overlap with the empty 
Si 3d orbitals.  The energy absorbed here modifies the 
oxide structure through the first mentioned bond processes 
and shifts the ring size distribution to a lower value. 
An oxide densification of 2-3% results, and the energy 
available for electron-hole pair creation is reduced. 
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The remaining energy still causes bond breakage, as noted 
by Gwyn, and ionization.  Revesz attributed the hole trap- 
ping and h«nce radiation sensitivity to the discontinuous 
IT bonding, continuous only among neighbors of each ring 
as in Figure 1, with electrons drifting out of the oxide 
in the continuous a     antibonding orbitals to leave a 
positive space charge.  His solution to hardness would 
involve introducing a compensating electron trapping ex- 
trinsic defect into the oxide.  It might also be suggested 
that with a low concentration of HSiO" trapping sites, 
breaking most of the rings, or converting the oxide into 
a tree structure would reduce hole trapping and thus lower 
radiation sensitivity. 
An alternate way to consider positive space charge 
formation in an MOS oxide film is to observe the-macro- 
scopic currents which occur under various irradiation 
conditions.  Snow[5] reported currents resulting from 
ultraviolet and X-ray irradiations.  Andre, et al.[10] 
developed a quantitative theory which agrees well with the 
observed dc currents of MOS devices under irradiation at 
a given bias.  Lindmayer[11], Giriy, et al.[12], and Singh, 
et al. [13] also support the concept of radiation induced 
oxide currents. 
According to Andre, dc oxide current consists of two 
components, one resulting from photo-generated electron 
drift and the other from cathode electron photoemission. 
11 
e" 
energy 
+ 
~*-& 
hole 
energy 
Figure 1 Si-0 BOND BAND STRUCTURE UNDER IRRADIATION 
Adapted from [9] 
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The oxide space charge layer growth results from the dif- 
ference between the two currents and reaches a steady 
state width when the two currents are equal with a cons- 
tant, but not necessarily zero field across the oxide 
neutral region.  This theory explains the LV    dependence 
on the bias during the previous irradiation;  The space 
charge layer can be decreased by electron injection during 
further irradiation at a lesser V . Lindmayer supplemented 
this theory with qualitative discussions of the influence 
of oxide dopants and electrode metals on the steady state 
oxide space charge layer.  The current model of dielectric 
radiation effects unifies the radiation response theory of 
the bulk semiconductor and the bulk dielectric. 
All radiation models for oxide charge trapping have 
as a final goal the development of a complete MOS band 
structure, which will apply under all conditions.  This 
will allow quantitative results for oxide currents and 
charge distributions.  Holmstrom, et al.[14] suggested a 
band structure to explain the flatband shift AVfb for 
electron irradiated p-type MOS devices at all gate bias 
voltages.  A single energy trap level of 2x10*8 cm"3 in 
the oxide with a linearized quasi-Fermi level was assumed, 
which after irradiation gave positively charged traps 
layers at both interfaces.  A numerical solution of this 
model under the assumed conditons produced a good quan- 
titative agreement with the experimental AVfb versus Vg. 
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However, the parameter used to linearize the oxide quasi- 
Fermi level extended that level into the bulk silicon. 
Models for the irradiation behavior of oxide-semi- 
conductor interface states fare even worse.  Snow[5] noted 
a dependence of the C-V curve distortion on the interface 
state density Pss» but also cites a correlation to oxide 
charge inhomogeneities.  He shows decreasing transcon- 
ductances for MOSFET's with increasing pss.  Revesz[9] 
attributed the greater increase of p s in wet grown oxides 
to the formation of interstitial hydrogen near the inter- 
face from irradiated = Si-H radicals.  This corresponds well 
with the observation of a decrease in pss after high temp- 
erature annealing, which would tend to reduce the tri- 
valent sSi" and sSi-H concentrations. 
Hughes[15] also proposed a structural oxide modifi- 
cation under irradiation to explain increasing interface 
state densities.  A compaction from 1500 to 1300 A in 
oxide thickness, observed using interference-microscopy 
on aluminum covered thermally grown oxide films, after 
500 megarad, also indicates a parallel movement of the 
oxide along the interface, leaving an increased concen- 
tration of dangling bonds.  The interface state density 
may thus be increased. 
These models have a  common problem where, in every 
case, assumptions must be made about the oxide trap dist- 
ributions under various experimental conditions.  Until 
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the oxide stoichiometry and the corresponding trap levels 
become will defined, good quantitative agreement of theo- 
retical model with experimental result will be difficult. 
1.3 APPROACHES TO RADIATION TOLERANCE 
Increasing the radiation hardness of MOS devices may 
be approached in three ways.  In ground-based systems 
where size and weight are relatively easily accommodated, 
shielding the system or critical devices may be accomp- 
lished.  But spacecraft, for example, place large premiums 
on size and weight reductions.  Thus approaches such as 
tolerance by circuit design and device improvement become 
inportant.  Selecting low voltage operating points, high 
device operating temperatures, increasing circuit tol- 
erances, and designing for photocurrent compensation will 
help increase the system resistance to radiation.[16,17] 
Device improvement has been accomplished with changes 
in the silicon MOS technology.  The hardening techniques 
attempt to exploit the physics governing device behavior, 
which the proposed radiation effects models have shown. 
Preventing insulator hole trapping and decreasing insula- 
tor-semiconductor interface state density or its radiation 
sensitivity are the objects of carefully controlling oxide 
growth to minimize impurities and defects[18].  Post-growth 
oxide treatments try to minimize impurity mobility, trap 
compensating electrons, or anneal radiation damage.  In 
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this regard Harari and Royce[19] studied ion implantation 
induced oxide charge trapping, aluminum[20] and chromium 
(to be reviewed below) are used as oxide dopants, and an- 
nealing is employed by Danchenko and Brashears[21], Habing 
and Shafer[22],  The final device improvement technique is 
a complete change of insulator from silicon dioxide to 
aluminum oxide[23] or to a nitride sandwich[24,25] to 
avoid the radiation induced hole trapping and lower sur- 
face state effects.  However, this method complicates the 
device processing. 
Of these several radiation hardening techniques, 
chromium-oxide-silicon structures have shown particularly 
good hardness and the efforts with this metal will be 
briefly reviewed.  A short chronology of general studies 
in MOS radiation effects appears in [7]. 
1.4 HISTORY OF CHROMIUM IN RELATION TO RADIATION TOLERANCE 
The history of chromium-as a hardness agent in MOS 
devices dates from a study in 1968 by Lindmayer and Noble 
in reference [26].  P-channel enhancement mode MOSFET's 
with chromium gates were compared to similar aluminum gate 
devices.  Graphs of change in threshold voltage versus 
radiation dosage (one kilorad to ten megarad), with either 
zero or negative gate bias during irradiation, show chrom- 
ium samples produced only a third of the threshold volt- 
age change of the aluminum samples.  No change in device 
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transconductance was seen as a result of irradiation, so it 
may be concluded here that the chromium contact somehow 
reduced the effective positive oxide charge. 
In 1969 Hughes[15] described radiation induced oxide 
semiconductor surface state densities with both implanted 
and thermally diffused chromium doped MOS capacitors.  His 
700 A, 1000°C, dry O2 grown oxide samples showed a greater 
change in threshold voltage, under irradiation at zero 
gate bias, due to surface states rather that oxide charge . 
Oxide charge was not decreased.  Hughes proposed a model 
for these changes which involves chromium gettering of 
unbonded oxide oxygen atoms and filling of oxide voids, 
thus lowering the insulator's reactivity under radiation, 
reducing bulk densification and the subsequent breakage of 
oxide-silicon interface bonds. 
Kjar[2 7] in the same year noted improvements in 
radiation sensitivity, under zero and negative gate bias, 
of both oxide charge and surface state density, with meas- 
urements of threshold voltage change.  His samples were 
1200 A, 1100°C, dry 02 grown oxides on <111>, 10 ft-cm and 
<100> , 5 ft*cm n-type silicon, with a chromium gate metal- 
lization, annealed in dry nitrogen at 480°C to promote 
diffusion into the oxide.  With a positive gate bias ir- 
radiation, no improvement in changes of the device charac- 
teristics was observed, and there were only minor differ- 
ences between the responses of steam and dry oxides. 
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Kjar postulated enhanced oxide electron trapping due to the 
chromium. 
In 1971 Lindmayer[11] pointed again to chromium as a 
good agent for reducing the change in surface state den- 
sities under irradiation.  He used transconductance data 
as in his previous paper, and the change in threshold 
voltage versus dosage was presented for 1000 A, 1100°C, 
dry O2 grown oxides on n-type silicon.  Two references 
supporting diffusion of chromium in SiC^ were cited, and 
Lindmayer suggested that an interaction was taking place 
between chromium and other oxide dopants (phosphorus and 
boron).  A qualitative discussion supported treatment of 
the radiation effects from an oxide current model point 
of view to explain "residual charge shift" in the oxide, 
and "isothermal relaxation" of oxide charge at elevated 
temperatures. 
Peel, Eden[28J and Kriegler, Bartnikas[29] measured 
chromium induced trap levels in the oxide of MOS struc- 
tures.  Peel, Eden for example, used a chromium doped 
thermally grown oxide on n-type silicon to give 3.4 eV 
and 3.8 eV photoemission peaks along the metal-oxide inter- 
face.  These levels were attributed to hexavalent chromium 
and hexavalent chromium-hydrogen complexes, respectively, 
with prominence of the upper level corresponding to in- 
creased flatband voltage hardening. 
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Peel with Xiroshita[30] demonstrated chromium hard- 
ened CMOS inverters, FET's, and MOS capacitors with shifts 
in threshold voltage, at zero gate bias and ten megarad, 
of a few tenths volt. 
Fowkes, Dahlke, and Butler[3J] reported measurements, 
made on chromium-thin oxide-silicon capacitors, showing 
the greater sensitivity to surface effects which is avail- 
able using the thin oxide.  Comparisons were made between 
irradiated gold and aluminum top contact devices, and it 
was suggested that further measurements were needed on 
the chromium samples. 
As a result of this and other classified work, 
chromium hardening of MOS devices is now one of the leading 
techniques for improving the radiation tolerance of elec- 
tronic circuits [32,33,34],  Although the signs of rad- 
iation resistance are unmistakable, namely lowered thres- 
hold voltage shifts and stable device transconductances, 
uiscrepancies still exist between results on allegedly 
similar samples, and no theoretical model is yet consistent 
in explaining the available experimental data. 
1.5 RATIONALE OF THE EXPERIMENTS 
The preceding history of chromium radiation hardening 
demonstrates the need for additional studies to clarify 
>.!ysical processes governing the chromium, oxide charge, 
'.iterface state system.  Indeed, the origins of oxide 
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charge and, particularly, oxide-semiconductor interface 
states are largely unknown. 
The measurements in this study concentrated on the 
response of chromium-silicon dioxide-n and p-type silicon 
capacitors to one megarad and ten megarad, the upper 
limits of desired tolerance.  These samples were compared 
with similar aluminum contact samples.  Aluminum is the 
most frequently used contact metal in both commercial 
bipolar and MOS circuits.  All irradiations were done 
with zero applied gate bias to avoid the complicating 
effects of another experimental variable.  This allowed 
the built-in oxide voltages to dominate; although at zero 
bias MOS devices generally exhibit the smallest charac- 
teristic voltage shift under irradiation.  A range of 
oxide thicknesses from about 50 A to 1000 A was chosen 
to allow the effect of thickness on oxide charge and inter- 
face state density to be determined.  Since the response 
of MOS characteristics to interface state density is more 
sensitive with thinner oxides, two samples of about 20 A 
were chosen and intensively studied. 
2.  EXPERIMENTAL PROCEDURE 
2.1 SAMPLE PREPARATION 
Sample preparation started with chemically/mechan- 
ically polished silicon wafers of the types and resistiv- 
ities listed in Table 2.  All wafers were either phos- 
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phorus-doped n-type or boron-doped p-type silicon.  Two 
<100> orientation samples were included to observe the 
effect of silicon orientation on the surface state density. 
Oxidation of the silicon surface to form the capacitor 
insulator proceeded under the conditions; ambient, tie, 
and temperature; listed in Table 2, after thoroughly 
cleaning the wafer surface as in Table 3 in the Appendix. 
In all practical cases the oxidation temperature and am- 
bient were held constant, and time was varied to produce 
the desired range 6£  oxide thicknesses.  For one of the 
20 A oxides (No. 2), a mixed gas ambient was used, and its 
effect on the surface state density was noted. 
Metallization of the capacitor contacts followed, 
using filament evaporation in a sputter ion vacuum system. 
The chromium top contacts were deposited, through a stain- 
less steel mask.  Dot size was chosen to give capacitance 
values within the measureable range.  A deposition of 
aluminum across the back sides of the wafers gave an 
ohmic silicon contact.  An oil diffusion vacuum system 
was used to create the aluminum top contact.  Approximately 
1000 A of metal were deposited in all cases. 
2,2 MEASUREMENTS 
After fabrication of the samples, 1 MHz capacitance- 
voltage characteristics were recorded for several capac- 
itors on each sample and from these curves representative 
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Table 2 
SILICON WAFER PROCESSING PARAMETERS 
No, Type P Ambient tox Tox *o 
ncm 
~ 
min. °C A 
1 n<lll> 1.1- dry 02 5 850 23 
2 ii 1.3 
1U* U2 
90% No 7 850 24 
4 ii n dry 02 4 926 55 
9 it H 8 it 89 
7 n II 15 ti 207 
10 II n 80 ti 452 
6 II II 25 1130 1080 
14 p<lll> 5 4 926 123 
13 II II 15 ti 114 
12 II M 30 it 200 
11 II II 8D it 425 
5 M II 25 L1J0 1114 
17 n<l00> ? 4 926 48 
16 II ? 30 II 142 
1 n<lll> 1 - 2 30 113( 979 2 
2 ti II 28 925 211 
3 ii M 93 it 490 
4 ii II 260 it 929 
5 p<lll> 6 -15 30 1130 1000 
6 ■I n 28 925 252 
7 II II 93 it 470 
8 ti it 260 it 
-.918 . 
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ones were selected which showed no droop or unevenness in 
the accumulation and inversion regions.  The measured dc 
current-voltage characteristics then determined a specific 
Gapacitor, at each thickness, on which pre-irradiation 
and post-irradiation high and low frequency capacitance- 
voltage characteristics were measured.  The selected ca- 
pacitors withstood oxide fields! up to 2x10" V«cm~l with 
typical forward and reverse currents of six hundred 
picoamperes and one picoampere, respectively, at these 
fields. 
The device irradiations were performed at room temp- 
erature 25°C with a cobalt-60 source producing gamma rays 
of 1 MeV average energy and 2 MeV peak energy.  The source 
had a dose rate of about 0.75 megarad per hour and was 
automatically timed to give dosages in the megarad range. 
Specifically, the two thin oxide samples No. 1 and 2 re- 
ceived a 0.75 megarad dose, the rest of the chromium sam- 
ples received 0.88 megarad and 9.73 megarad (cumulative) 
doses, and the aluminum samples received a 0.87 megarad 
dose.  After each dose capacitance-voltage measurements of 
the specific capacitors and several representative dots 
were recorded as described below.  Measurements of the 
completed MOS capacitors were made to determine the change 
in effective oxide charge and surface state density due 
to irradiation.  All measurements were performed at room 
temperature 25°C.  Since several of the capacitor contacts 
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showed shadow effects from the masked evaporation, capac- 
itor top contact areas were measured to give calculated 
dot areas in the 1 to 30x10"4 cm2 range to within 64. 
Dots with uneven edges were avoided where possible. 
The accumulation region high frequency capacitance 
used to compute capacitor oxide thicknesses has an ac- 
curacy of ±9%.  Table 2 lists these values. 
For MOS capacitors having oxide thicknesses in the 
SO to 1000 A range a high frequency measured capacitance- 
voltage curve from accumulation to inversion can determine 
an effective oxide charge, oxide thickness, and silicon 
surface impurity doping density.  For this purpose a 
Boonton 71AR Capacitance/Inductance Meter operating at 
1 MHz with a fifteen mVrms signal was used in conjunction 
with an X-Y recorder and a battery powered bias voltage 
ramp generator.  The voltage applied to the device in all 
measurements~was  monitored within about four millivolts 
and was available from graphs within an average of thirty 
millivolts.  From these curves capacitances in the average 
flatband range could be determined to within 4%.  All 
measurement components were shielded and coaxially inter- 
connected to reduce noise in the circuits throughout these 
experiments.  A shielded, lightproof box held the sample 
during measurements. 
To estimate the oxide-semiconductor interface state 
density, the ideal low frequency capacitance-voltage 
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distorts in proportion to the interface state charge and 
the ac capacitance.  This curve also provided the semi- 
conductor surface potential corresponding to each applied 
voltage, and thus the energy band gap position of the sur- 
face state density was known.  A PAR 121 Lock-In Amplifier 
was used to detect the low frequency MOS capacitance signal 
after amplification by a PAR 181 Current Amplifier.  A bat- 
tery powered ramp generator provided the bias voltage for 
the C-V curve.  A Keithley 610B Electrometer in the unity 
gain mode minimized the load of the HP 340A bias monitoring 
DVM and X-Y recorder in parallel with the capacitor.  Fig- 
ure 2 illustrates the complete circuit. 
The insert on Figure 2 gives a simplified sketch of 
the low frequency MOS capacitance measuring system, from 
which the basic measurement theory is more apparent.  The 
output voltage is given by the following exact expression: 
vout-vm     (l+GjnR^^+tu^R^Cm^ 
If the term GmR is negligible compared to 1, and u>2R2Cm2<<l 
Then the output voltage has an imaginary component pro- 
portional to Cm. 
ImVout=Vin RCm 
Thus the input resistance of a phase sensitive instrument 
must be made as low as possible.  A current amplifier pro- 
vides this feature for the lock-in amplifier phase detec- 
tor and the following discussion shows that the experiment 
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met the conditions for measurement of the MOS capacitance. 
Several parts of this circuit required particular 
attention to ensure accurate measurements.  On the input 
side of the sample the ac signal originated at the ref- 
erence output of the lock-in amplifier, where both fre^ 
quency (100 Hz) and amplitude (10 mVrms) were set.  The 
frequency was maintained within 0.01 Hz.  Since in the 
input circuit 47 n was much less than lOOkfl in parallel 
with 100 Ma   , where the 100 Mn was the estimated minimum 
sample resistance in the depletion region as shown in 
Appendix A., the ac signal amplitude will be relatively 
constant throughout the sample bias range. 
The dc blocking capacitor C^ must be large to avoid 
attenuation of the ac signal.  Together with the large 
bias resistor Rb the phase shift error which will be 
present across the input circuit, will be negligible. 
See Appendix B.  The current amplifier provided additional 
sensitivity for the low-frequency C-V measurement, but it 
could also have been the source of large errors if its 
input impedance was too large.  Appendix C. shows that if 
certain conditions were met, the ac voltage output of the 
current amplifier would have two components ImVout=wRVinSCni 
and ReVout=VinSGm.  From the input resistance plot, sel- 
ection of 100 Hz and a sensitivity S of 10^ V/A gives an 
input resistance R of about 20 fi. This fact along with the 
ranges of Cm and Gm measured, assured that the imaginary 
27 
component of the output voltage would be directly propor- 
tional to the sample capacitance if frequency w, ac volt- 
age amplitude V^n, R, and S are constant and bias inde- 
pendent. 
Next the phase sensitive lock-in amplifier was ad- 
justed to detect and amplify ImVQUt and drive the recorder. 
Here the final source of error occurred which had to be 
minimized.  The phase adjustment controls could not be 
exactly set to the phase angle of ImVout unless the quad- 
rature signal was zero and thus this signal, which here is 
ReV0Ut proportional to Gm, could induce an error in the 
output.  This error was proportional to the ratio of the 
estimated peak of quadrature component ReVout (0.1 mVrms) 
and the selected lock-in sensitivity (500 yV). The resulting 
output error was 1% of full scale output for a three de- 
gree phase setting error-  Since a standard 100 pF air 
capacitor with Gra=10~9 mho was used to calibrate the sys- 
tem, the calibration quadrature signal was likely to be 
much less than that induced by a sample's Gm (typically 
10"6), and a phase setting error of less than two degrees 
becames realistic.  Thus the quadrature induced error in 
the sample ImVout signal was negligible. Use of the stan- 
dard capacitor to calibrate the recorder directly, removed 
the influence of the input circuit phase error and all 
stray capacitances which were constant under the experi- 
mental conditions. 
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For capacitances in the flatband region of the samples 
under consideration, the worst case error is about ±81. 
This includes recorder.and lock-in accuracies, plot read- 
ing, and full-scale set errors and a 1% of full-scale 
quadrature-induced error. 
The dc current-voltage characteristics of the samples 
were measured point-by-point with a PAR 135 Electrometer, 
battery voltage supply, and an HP 3480A DVM. 
The chromium-20 A oxide samples required special 
measuring techniques since they had large peak conductances 
in the 0.1 mmho range.  Multiple frequency capacitance 
and conductance versus voltage curves were recorded per- 
mitting determination of the interface state density with 
both the high and low frequency capacitance and aG conduct- 
ance methods.  C-V and G-V curves at 5, 10, 30, 100, and 
300 kHz were plotted from capacitance and conductance val- 
ues at different dc biases obtained by balancing- a Boonton 
Direct Capacitance-Bridge-75C-S13.  The Boonton Capaci- 
tance Bridge 75A-S8 provided capacitance and conductance 
values at 1 MHz.  Capacitances and conductances in the 
flatband region have an average accuracy of ±2% and +13%, 
respectively.  Current-voltage curves for these 20 A 
samples were measured in the same manner as noted above. 
These curves vere then used to compute the capacitor's dc 
conductance which, when subtracted from the measured 
conductance, yields the equivalent parallel ac conductance. 
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After subtracting the oxide capacitance from the equivalent 
parallel capacitance and conductance, at a given frequency 
w, as in [35] (see Gp equation in Appendix A.)» the fol- 
lowing equation is valid assuming a single energy level 
distribution of interface states: 
\ (on !max= 2  2 
Here Gp is the equivalent parallel conductance per unit 
area as calculated above, Css is the interface state ca- 
pacitance per unit area, and pss is the interface state 
density in states per unit area per volt.  However, by 
varying the frequency over the range of values previously 
indicated, samples of the interface state distribution 
at six different energy levels may be graphed versus their 
corresponding surface potentials to give an approximation 
to the band gap surface state distribution.  This distri- 
bution may then be compared to the one obtained from the 
high and low frequency capacitance dispersion. 
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3.  RESULTS 
Data from the results of the preceding measurements 
allowed calculation of several intermediate constants 
necessary to obtain the effective oxide charge and sur- 
face state density.  Typical measured C-V curves may be 
found in Figures 5 to 10. 
3.1 PRE-IRRADIATION DATA 
The semiconductor bulk doping density was verified 
with the use of a table of calculated G, Uf pairs [36]. 
G is a function of oxide thickness, capacitor dot area, 
insulator dielectric constant and the difference between 
maximum and minimum MOS capacitances taken from the high 
frequency C-V curve.  U£ is the Fermi potential, $n or 
<j>p normalized with respect to kT/q where k is Boltzmann's 
constant, T is the temperature in degrees Kelvin. This 
technique yielded only an effective doping density over 
the width of the depletion region* .since it assumes the - 
doping to be homogeneous, while in reality, oxidation 
causes accumulation at the surface for n-type silicon with 
phosphorus impurity and depletion for p-type silicon with 
boron impurity.  This inaccuracy in bulk doping density 
is about 20% for phosphorus and 401 for boron from data by 
Grove, et al.[3Z]. 
In reference [38] Kar accurately measured the effec- 
tive metal-semiconductor work function difference 
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^MS**m"XSi f°r aluminum and chromium.  Here $m is the metal 
work function, and xsi is tne silicon electron affinity. 
He gave values of *MS= ~^- 06 eV for chromium and ^JS"-0.11 
eV for aluminum. Assuming xSi=4.05 eV yields values of 
3.99 eV and 3.94 eV, respectively, for the chromium and 
aluminum work functions.  See footnote [39]. 
The key to measurement of the effective oxide charge 
was the determination of the parallel voltage shift of 
the high frequency MOS capacitance curve from its ideal 
position.  The flatband capacitance is generally a good 
point at which to measure the parallel voltage shift. 
V£b[V] = *MS-SsTs_-SflX Co  C0 
This equation describes the nonideal flatband voltage in 
terms of the work function difference <j>MS=$m- (xsi+EG/2 
+ <|>b) , the surface state charge QSs, the effective oxide 
charge QQx» the oxide capacitance C0, and the silicon 
bandgap energy width Eg.  «|»b is the bulk silicon Fermi 
potential.  Qss is bias voltage dependent and accounts for 
any nonparallel distortion of the high frequency C-V curve 
from the ideal case.  For thick oxides and low surface 
state densities, the flatband capacitance usually falls 
in a portion of the C-V curve which is free from distor- 
tion even at low frequencies; hence, Qss may be considered 
zero.  This assumption was used in this study.  The cor- 
responding flatband voltage will yield the effective oxide 
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charge as follows: 
NoxIan-Zj-CadVfbl-UMsD 
qA 
The flatband capacitance was -calculated using the methods 
of Wagner and Berglund[40] to within and average of ±9%. 
The interface state densities for the region from 
accumulation to inversion were estimated with the following 
formula derived in [41], 
q^j   cif , Chf ) Hss~qAlC0-Cif Co-C^f I 
Here C0/A is the oxide capacitance per unit area, Cjf is 
the low frequency MOS capacitance, and Cjjf is the high 
frequency MOS capacitance.  The cumulative experimental 
error is ±34%  in pss-  These experiments, however, sub- 
stituted 100 Hz for ideal low frequency and 1 MHz for 
ideal high frequency C-V curves, and the actual error in 
pss may be much larger.  The selected frequency range 
limits the energy range of the observed surface state 
density. 
To place the surface state density at the proper 
band gap energy the technique derived by Berglund[42] was 
used.  The area over the normalized low frequency 
(Cif/C0) versus voltage is proportional to the silicai 
surface potential through the following relation: 
Va 
¥s(VaW    (l-C1f(V))dV+A 
vacc    C0 
This integration was performed numerically over the nor- 
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Dialized measured low frequency capacitance curve to yield 
the surface potential within a constant value A.  The 
limit Vacc in the accumulation region may be chosen such 
that any increment of the integral toward stronger accum- 
ulation will result in a negligible addition to the 
total.  Several methods exist to evaluate A and thus give 
the absolute surface potential at each applied voltage 
Va.'  The most accurate method involves matching the MOS 
ideal high frequency capacitance versus voltage curve to 
that of the measured equivalent parallel capacitance minus 
the oxide capacitance, in the strong accumulation and 
inversion regions.  A is equal to the difference, between 
the voltage axes, necessary to match the two curves.  This 
difference arises from the parallel flatband voltage shift 
on the actual MOS C-V curve versus the ideal theoretical 
curve.  Matching is most convenient in the above mentioned 
regions because the effects of surface state density dis- 
tort the measured equivalent parallel capacitance curve 
only in the proximity of the depletion region.  The match 
may usually be performed to within 20 to 50 mV.  The 
accuracy of the integration depends mainly on the fre- 
quency choice and on the low frequency curve distortion 
resulting from the nonlinear bias dependent voltage shift 
arising from QSs« 
The silicon energy band gap position E of the surface 
state density distribution is the sum of the Fermi 
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potential, the surface potential, and the density of states 
correction factor: 
E=*b+*s-3kTlnrm£. 
4   ^mnJ 
*        it Here mp and mn are the density of states effective electron 
and hole masses, respectively.  The last term in this equa- 
tion has a value of 0.0103 eV based on values given in 
reference [43],  The band gap position is relative to an 
intrinsic level of zero with the conduction band edge 
positive and the valence band edge negative. 
The results of the previous measurements and calcu- 
lations allowed the determination of pre-irradiation and 
post-irradiation flatband voltage, oxide charge, and 
interface state densities.  Figures 5 through 10 illus- 
trate typical C-V curves for the chromium samples. 
Table 4 lists the values of the flatband voltage for 
the chromium contact samples before irradiation.  These 
voltages were graphed versus oxide thickness in Figure 4 
along with similar values for the aluminum samples from 
Table 5.  From the ordinate intercept of the extended 
curve, assuming linearity, the value of the metal-semi- 
conductor work function difference (4»ms) was calculated 
using an average Fermi potential for n and p-type silicon. 
This result agrees within 20% with the values obtained by 
Kar[38] for both chromium and aluminum.  See Appendix D. 
The relatively straight lines of Figure 4 indicate that 
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^oth the oxide charge and surface state charge did not vary 
much with' oxide thickness and were located close to the 
interface.  Summing the intercepts for the n and p-type 
samples of a given metal should yield the silicon band 
gap energy.  The chromium samples are in good agreement, 
with a value of 1.1 eV.  The aluminum samples gave 1.5 eV. 
The pre-irradiation oxide charge obtained from the 
flatband voltage, by assuming a negligible Qss» was on the 
order of 1x10^-2 cm"2 fpr the chromium p-type samples, and 
5xl()ll cm"2 for chromium n-type samples.  The initial 
oxide charge for the aluminum samples was about 1x1012 cm~2 
for both n and p-type substrates. 
The interface state densities obtained from the 
pre-irradiation chromium samples showed single peaks of 
about 5x10*1 cm"2v_1 for the n-type capacitors and about 
3xl0l2 cm-2v-l for the p-type capacitors.  Table 6 lists 
the surface state density peaks and the corresponding 
biases.  Typical plx>ts~of the densities for various thick- 
nesses of the chromium samples are given in Figures 11 
through 16.  The two <100> orientation n-type samples show 
no conclusive differences when compared to the corres- 
ponding n<lll> capacitors, although both are slightly 
higher densities, contradicting the expected trend.  Sur- 
face state densities were not measured for the aluminum 
samples. 
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3.2 POST-IRRADIATION DATA 
The post-irradiation flatband shifts, oxide charge 
changes, and new surface state density peaks are also 
listed in Tables 4 and 6.  The number representing the 
shift in flatband voltage is the average shift found in 
typically four of the representative dots recorded at 
each oxide thickness.  Slight variations in oxide thick- 
ness were mathematically corrected to allow comparison of 
the flatband voltage shifts.  As a measure of the statis- 
tical error associated with this type of sampling, one-half 
of the maximum shift minus the minimum shift was computed. 
This error was generally larger than the cumulative error 
resulting from the measurement procedure.  In any case, 
the larger of the two errors was used to compute the error 
in the change in oxide hharge. 
The chromium - n-type sampes showed very small flat- 
band voltage shifts with either a one or ten—megarad dose* 
In most of the cases the error was greater than the comput- 
ed charge changes.  As a result the measurements indicating 
positive flatband shifts or negative charge accumulation 
have little significance. 
The p-type chromium samples showed significantly 
increasing flatband shifts with both oxide thickness and 
increasing radiation dose.  These ranged from fifty milli- 
volts at the thinnest to almost five volts shift at the 
thickest oxide with a ten megarad dose.  The changes in 
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charge resulting from the two dose levels are plotted 
versus oxide thickness in Figure 17. 
The calculation of hharge in interface state density 
peaks with irradiation was based on one selected dot at 
each oxdie thickness, for which both the high and low 
frequency C-V curves were recorded.  Changes in the peak 
magnitudes and peak voltage biases were not appreciable 
in general, with almost no change for the thinnest of 
either the n or p-type samples to a change of about 
7xl0*2 cm"2v"l for the 1000 A samples after one megarad. 
The density increased even further for the 1000 A samples 
with a ten megarad dose.  Also these samples showed down- 
ward shifts in the voltage of the density peaks, possibly 
due to the increasing oxide charge. 
The aluminum samples' reactions to the radiation dose 
of one megarad are---li-s-ted in Table 5.  The change in oxide 
charge versus oxide thickness is plotted in Figure 18 
along with data from aluminum contact, steam grown oxide  ' 
capacitors [44]. 
The two 20 A oxide chromium samples were subject to 
special study particularly with regard to their surface 
state density.  These devices showed practically no re- 
sponse to one megarad either in voltage shift or in 
capacitance, conductance curve distortion.  Figures 19 
and 20 show the typical C-V and G-V curves.  Figure 21 
illustrates the band gap surface state density distribution 
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Low for both of the capacitors, as calculated by the 1< 
frequency C-V distortion technique. Sample No. 2 evi- 
dently has a higher surface state density as Figure 19 
shows the larger C-V depletion region distortion compared 
to Sample No. 1.  This translates into the slightly 
higher pss peak evident in Figure 21. 
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4.  DISCUSSION 
4.1 OXIDE CHARGE TRENDS 
From the resulting experimental data several trends in 
the MOS capacitor oxide charge and interface state density- 
are evident. 
M"he pre-irradiation flatband voltages in Table 5 
and Figure 4 show a clear trend of greater effective oxide 
charge for p-substrate MOS structures than for those with 
n-substrate.  The oxide charge is proportional to the 
slope of the Vfb versus Xo (oxide thickness) curve. 
Share, et al. 144] explains the difference between oxide 
positive charge trapping in n and p-type samples under 
irradiation in terms of the larger built-in oxide fieH 
due to <j>ms for p-samples than for n-samples.  The same 
reasoning could apply to the pre-irradiation situatin 
where one of the sample fabrication steps such as contact 
metallization may be causing hole-electron pair production 
and hence a positive charge build-up.  Or, as yet unex- 
plained, the substrate impurity dopants, phosphorus and 
boron, in this case, may be providing the difference in 
charged nxide traps for n and p-substrate MOS devices, 
respectively.  It may also be noted that the aluminum 
and chromium - p-type samples have very close effective 
oxide charge values whereas the chromium n-type samples 
have considerably less charge that the aluminum - n-type 
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Calculation of the pre-irradiation oxide charge for 
these samples verifies that it is approximately independent 
of oxide thickness.  This is not conclusive for the n-type 
samples since the deviation of the flatband voltages from 
a straight line is relatively large compared to the total 
Vfb at a given thickness, whereas this is not the case for 
the p-type samples. 
Figure 17 summarizes the change in oxide charge from 
Table 4 due to the approximate one and ten megarad dose 
on the chromium samples.  The primary trend here is a 
greater change in oxide charge for p-type samples thai for 
n-type after a givBn increment of radiation.  This concurs 
with the results of Share, et al.[44] and Figure 18 gives 
a direct comparison.  The oxidation temperatures are noted 
in the figure and the lines interconnecting the points 
merely indicate the trend, because of the large experimen- 
tal error and minimal number of samples.  Care should be 
taken when including~iir the trends -samples of differing 
oxidation temperatures, because these may reflect differing 
oxide structures for which incremental changes in positive 
charge trapping are justifiably different.  Note that the 
higher oxidation temperature seems to produce an oxide 
with a smaller change in charge after irradiation.  This 
is not true for the aluminum samples of this study.  De- 
termination of the point of saturation of radiation induced 
oxide charge is not possible with just these two doses, 
one and ten megarad.        62 
From Figure 17 it is also clear that the change in 
charge under irradiation is proportional to oxide thickness 
for the p-type samples.  Error in the n-type data is too 
large to determine a thickness dependence for the change 
in oxide charge.  From the formula for change in oxide 
charge AN0X=C0"AVfb/qA, AVfb must increase enough to over- 
come a decreasing C   and produce the increasing ANox 
as Xo the oxide thickness increases over the range of 
data.  This trend indicates that MOS circuits of greater 
radiation hardness might use thinner oxide, lower threshold 
devices.  Comparing this trend with the thickness inde- 
pendence of the pre-irradiation oxide charge indicates 
that fabrication processes producing irradiation effects 
are not present, or at least do not provide the same type 
of oxide charge build-up. - 
Figure 18 compares the chromium sample  changes in 
oxide charge with those of the aluminum-steamTgrown 
samples of Share, et al.[44] and the aluminum-dry O2 
grown samples of this study for a radiation dose of one 
megarad.  All the p-type samples show the strong dependence 
of irradiation oxide charge on oxide thickness.  Comparison 
of the n-type samples is not conclusive since the chromium 
and aluminum-dry O2 oxide values are so small.  At about 
500 A, the chromium - p-type samples seem to offer less 
radiation sensitivity (oxide charge build-up) by about one- 
half versus the aluminum-dry O2 grown samples and far less, 
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by a factor of eight, than the aluminum-steam grown 
devices. At 1000 A the chromium advantage over the 
aluminum is not clear due to the change in oxidation temp- 
erature of the aluminum sample, and the anomalously low 
value of the adjacent 938 A sample. 
Comparison of these results for flatband voltage 
shifts in chromium and aluminum samples with other pub- 
lished results is dangerous due to the multiplicity of 
experimental conditions.  Most published data has been 
measured with 1000°C, 1000 A oxides in varying ambients, 
radiation doses, biases, and metal contacts.  Selecting 
data with zero bias, one megarad, and dry O2 grown oxides 
on n-type silicon yields the following results:  with 
aluminum: AV=1.6 volt[18], AV=1.8volt[11], AV=0.7 to 
1.0 volt[20], and with chromium:  AV=0.1 to 0.3 volt[ll], 
AV=0.3 volt[30J.  These measurements indicate a similar 
reduction-±ir the radiation—sensitivity of n-type samples 
as this study-did with the p-type.- 
Snow[5J indicated that dry O2 grown oxide structures 
tend to have more space charge formation than others. 
Zaininger[7] and Kar[45] in an unpublished report noted 
that dry O2 grown oxides are more radiation sensitive than 
steam grown although the oxide purity- may be a more im- 
portant consideration.  In light of these reports the 
aluminum-steam and dry O2 oxide structure results of 
Figure 18 are contradictory, particularly since these 
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steam samples were grown under bias to avoid mobile ion 
oxide contamination. ■ 
The n-type samples showed very small flatband volt- 
age shifts of both positive and negative values, after 
irradiation.  Although these values are well within the 
experimental error, Figure 22 indicates in approximate 
form a recurring problem with the use of 1 MHz C-V curves 
to determine the AVf^ and thus oxide charge.  Often the 
post-irradiation curve showed a skewing, about a point in 
the depletion region such that a parallel shift, if pres- 
ent, was impossible to determine accurately.  This is no- 
ticeable in Figure 7 (Sample No. 5).  Apparently some 
combination of positive and negative distortion due to 
donor and acceptor interface*state densities was occurring 
along with the generally accepted negative parallel volt- 
age shift (small in n-type-samples).  For surface-state 
densities the total Qss may be_ either increased or de- 
creased__by almost unlimited amounts due either to increa- 
sing donor or increasing acceptor state concentrations at 
a given energy level.  For a Qss comparable to Qox the 
resulting bias dependent voltage distortion of the high 
frequency C-V curve may be distinguished from a parallel 
shift due to Q0x» only by some independent measure of the 
surface state density and charge type.  The well known 
high frequency method of interface state density deter- 
mination [46] takes advantage of this distortion. 
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Figure-2Z- 
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The accuracy of the flatband voltage point as a 
measure of parallel shift due to oxide charge is also in 
doubt for thin oxide or low doping density samples where 
the flatband capacitance occurs deep in the depletion 
region and ac surface state distortion is invariaBfty 
present even at 1 MHz. 
The lack of a measurable voltage shift in the 23 A 
. \ 
and 24 A samples may be explained by the fact that a 
hole trapped within this distance of an interface is 
well within the maximum tunneling distance of an electron 
for typical. MOS barrier heights.  Also, at these thick- 
nesses, the oxide structure is unknown.  Oxide growth 
during the first 150 A occurs by a little understood 
accelerated process. 
Also the technique of determining oxide thickness 
from the strong accumulation capacitance will have a 
large error for these thin oxides.since the accumulation 
region does not have a well defined capacitance.^ This is 
the only significant difference between the thin oxide 
C-V curves and those of thicker samples for the accumula- 
tion to inversion regions. 
4.2 INTERFACE STATE DENSITY TRENDS 
The outstanding features of an interface state density 
distribution, from which trends may be selected, are the 
peak ^densities, the corresponding energy, the curve-shape, 
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and the changes in all these factors with irradiation. 
Table 6 lists the density peaks and applied peak 
biases as estimated from the high and low frequency C-V 
curves.  The pre-irradiation pss peak magnitudes show no 
identifiable thickness trends. They are of a similar 
magnitude as the initial oxide charge densities and again 
the p-type samples have generally larger pre-irradiation 
densities.  The two 20 A range samjbles show dispropor- 
tionately large interface state densities compared to the 
other n-type samples.  This may be due to the larger sen- 
sitivity of the thin oxide C-V curves to the interface 
state capacitance. 
All but two of the samples show state density curves 
having one peak close to midgap.  Sample No. 5 with no 
distinguishing peak has the sharp accumulation band edge 
increase in density which also appears in many of the other 
distributions,— Figures-11 - 16.  This^ is apparently a 
characteristic of the low frequency capacitance distortion 
method of calculating pss and may not reflect an actual 
increase in density.  As both the high and low frequency 
C-V curves rise together toward accumulation, but do not 
exactly match, the density will tend toward infinity.  The 
same behavior is diplayed in the inversion region; however, 
here the distribution has been terminated at the inversion 
point since the low and high frequency capacitance differ- 
ence after this point is influenced mainly by the increas- 
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ing inversion layer. 
After irradiation the density peaks tended to remain 
relatively constant or increase.  The peak voltages showed 
V 
no particular trend. Again the p-^ype samples registered 
larger gains in the density if gains were made at all. 
Also a thickness dependence begins to become obvious, as 
the thicker samples showed larger density gains.  They 
continued to increase in interface state density through 
ten megarads.  The voltage shifts here can be attributed 
\ \ 
mainly to the oxide charge induces shift and not to 
changes in the density energy distribution since from 
Figures 11 - 16, the peak positions within the bandgap 
are relatively unchanged.  In the region of the peaks, 
the interface state density curves maintain their shape 
with increasing dose. 
The post-irradiation reaction of the thin oxide 
samples No. 1 and 2- is-n-egligi-ble within the experimental 
error.  The curves of pre- and post-irradiation pSs 
versus band gap energy are practically congruent.  The six 
Pss data points derived from the conductance-voltage curves 
of Figure 20 for these rad ation conditions were compared 
to the C-V derived curves.  Sample No. 1 showed excellent 
magnitude agreement between the two sets of points in the 
region of the pss peak although the curve shape was not 
apparent.  Sample No. 2's  G-V derived points lay consid- 
erably higher than the C-V pss curve, but some semblance 
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of a peak had been maintained.  The increased pss could 
result from the N2-02 mixed gas ambient used for oxidation 
in this case, but this is not conclusive.  The broadness 
of the G-V curve peaks may account for the loss of shape 
of the pss curves derived from them.  Peak voltages were 
difficult to determine accurately. 
Comparing these chromium contact samples with alum- 
inum contact samples under similar conditions in Sivo, 
et al.[47] reveals striking differences.  The aluminum 
samples have no peak in the midgap region, but rather, a 
valley appears.  Sivb's samples show much lower pss val- 
ues in the 10*0 cm-2v~l range for the pre-irradiation 
condition, and he does note the formation of the midgap 
bump for lO-^ cm~2v-l pre-irradiation density.  The same 
/ / 
analysis technique was used, and'Sivo describes the same 
trends of=pre- and post-irradiation curve proportionality 
and an-increase of the minimum state density by a factor 
of-., ten after .10^--Rad. 
For the thin oxide samples, the chromium metal 
characteristic state density peaks of 0.18 eV and 0.52 eV 
of Kar and Dahlke[48] are only approximately matched. 
Sample No. 2 has a peak at 0.12 eV and Sample No. 1 peaks 
at 0.32 eV.  Neither shows the double peak structure. 
Errors in the peak placement within the energy gap for 
these thin samples result primarily from using the initial 
wafer bulk resistivity to calculate the Fermi potential, 
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rather than using the normal ration of maximum and minimum 
capacitances.  The tunneling induced loss of inversion 
with thin oxides prevents accurate determination of this 
minimum. 
4.3 SECONDARY EFFECTS IN THE MEASURED DATA 
Practically all of the C-V curves for the chromium 
samples of Figures 5 through 10 showed some frequency 
and radiation dependent capacitance dispersion in the 
strong accumulation region and oftem in the weak inversion 
region.  While the ideal MOS theory allows for frequency 
dependent capacitance dispersion in the weak inversion 
region, it should not appear in strong accumulation. 
Since the dispersions involved range up to four picofarads 
they were well within—the calculated experimental errors. 
However, some other phenomena are available which may have 
contributed. 
Kar [ 49]- showed^tha/t rth& measured:J4QSr capac44:anGe^Cm^— 
may be increased in strong accumulation by a factor 
[(l-GmRb)2+u»2Cm2Rb2]"1 which includes the measured MOS 
conductance Gm, resistance R^ of the substrate and back 
contact, and measurement frequency u>.  He noted that this 
factor is normally negligible if the variable terms are 
less than 0.02. 
Revesz[9] noted a radiation induced bulk oxide dens- 
ification of 2 to 3%.  A simple calculation shows^ that this 
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will produce a 1 to 3% increase in oxide capacitance C0 
depending on assumptions of isotropic oxide dimension 
changes or a decrease in thickness only, the other dimen- 
sion pinned to a nonyielding substrate.  The percentage 
changes agree well with the measured accumulation region 
dispersions, but should not account for those of the weak 
inversion region where the semiconductor space charge 
\  capacitance is the controlling factor. 
These dispersions produce the greater than unity 
values on the Cm/C0 axes of Figures 5 through 10, since 
in all cases the high frequency pre-irradiation strong 
accumulation capacitance was used to determine oxide 
thickness. 
The integration over the Cif/C0 versus voltage curve 
from strong "accumulation to^ inversion should yield a 
surface potential which is,_4t aH points, within a constant 
value of- a silxcon~band gap jenergy^leveJL.— In almost all 
cases the. integration gave a range of energies signifi- 
cantly larger than  the bandgap at both edges.  This would 
indicate too much area over the low frequency C-V curve 
either through some flaw in the measuring system or a 
theoretical  problem in Berglund's integral equation for 
surface potential. 
The most obvious source of error in the measurement 
technique is the choice of 100 Hz as the low frequency 
Since this is not the ideally low 0 Hz, some surface state 
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charges Qss will not be able to respond to the surface 
potential ^s and the interface state capacitance 
css=dQss/diJis win be smaller than the ideal case giving 
the large  integral and energy levels.  See Figure 23. 
Another source of error can be seen from consideration 
of Terman's [46J high frequency interface state density 
measurement technique.  A voltage shift* in the measured 
high frequency C-V curve from that of the theoretical 
Es 
curve is given by AV=(q/C0)/  Pss^E where Es is the 
Ev 
energy level corresponding to the surface potential and 
thus applied MOS voltage of interest.  It is obvious that 
this same AV will also distort the low frequency C-V 
curve since frequency determines only the amount of ac 
variation in QSs» and the dc Qss» on which AVv,,is dependent, 
varies only with the applied dc bias voltage.  This effect, 
as illustrated in Figure. 23^ will, be to increase- the area 
over--the-low. frequency. C-V curve. 
Berglund[42] in his derivation of the surface poten- 
tial integral included an implicit stipulation of very low 
surface state density.  However, his examples used 
densities of from 101* to 10*2 cm"2 which can be comparable 
to the effective oxide charges and resulting AVf^'s from 
Table 5.  Since QSs is a function of applied bias V, it 
will result in a distortion of the low frequency curve 
and give a significant error in the calculated surfaoe 
potential; unlike the oxide charge which will result in a 
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( 
parallel shift of the C-V curve, leaving the integral 
unchanged.  The error in Berglund's derivation of the 
surface potential integral occurs where he accounts for 
the fixed oxide charge, work function differences, and net 
interface state charge with a constant voltage Vc.  Then 
dVc/d^s is assumed to be zero.  For very small interface 
state densities xthis would be approximately true, but 
not in the samples from the present experiments wh^re 
pss ranges from 10*° to 5xl012 cm"2v"l. 
By using the measured AV froto the high frequency 
C-V curve to correct the low frequency curve, before 
integration, the error in Berglund's integral can be 
minimized. 
..:/  /\ 
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Table 3 
Wafer Surface Preparation 
Rinse in de-ionized water 
Boil in trichloroethylene 
Boil in acetone 
Boil in methanol 
Rinse in de-ionized water 
Boil in H2S04 ♦ H202 
Rinse in de-ionized water 
Etch in dilute HF until surface is hydrophobic 
Rinse in de-ionized water 
Oxidize in wet 02(95°C) at 1130°C for 20 min. 
Cr samples, 60 min. Al and No. 1 § 2 
samples 
Etch in dilute HF until surface is hydrophobic 
Rinse in de-ionized water 
Repeat last three steps (except for Al samples) 
ire in jnouth of—fUrnace- 
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Appendix A. 
Maximum Gm Estimation For 50-1000 A Samples 
(Ip) £ )    _ CSSA _ qpssA (o /max "2      2 
Gpmax|l0o Hz = i-6*10"19 C'2TT' IO^HZ' 10*2 cm-2y-l 
•10-4 cm-2 
Gpmaxll00 Hz =  5xl0-9mho 
Gr,     _ (Gm2+<»2Cm2)C02q)2Gm     See reference   [43] 
(^VG^) + (Cm^ (Co-Cm) -Gmz) 2 
For Gp=5xl0"9 mho, Gm(by iteration)=10-8 mho 
where pss=10l2 cm-2V'1is the peak surface state 
density. 
Appendix B. 
Input Circuit Phase Shift 
Low Frequency C-V Measurement 
Z = Rb in parallel with (Gm^+R) 
in ° ir 
This assumes wCm small vs. Gm. 
Z = (Gm+Rb-1)"1 for R=20fl << Gm_ ^lO8 
V0/Vin - ZtZ+OCb)-1]-1 = (Q2Z^Cb2^j(oZCb 
l+u)2Z^Chz 
4> = tan-^uZCb)"1 
* * tan-1[2Tr-100 Hz* (10" 8mho+10"5mhoJ1«10-5F] " 1 
4> = 0.182° negligible when compared to possible 
phase setting error of 3° in lock-in 
amplifier 
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Appendix C. 
Current Amplifier Output Voltages 
Low Frequency C-V Measurement Circuit 
See Figure 3 for Vin, VQ - Vout-S. 
S = current amplifier sensitivity 
Rm - Gnf1 
V0 - V^nS    R       1 
R+CGm+juCm)-1^ 
(R+Rm5^u.^cWR-   ^^'R 
m ^m 
For ■>u)CmRmR<<R+RTn: 
ImVo  "  u)CTnRTT>2RViT?S 1 
°        (R^ + ^C  *R *R2R 
a)Cm<<Rm-1+R-1 
2ir»100 Hz-10"10  F<<10~8 mho +  0.05 mho 
ImV0 Cn.Rn,  RVinS 
I^RmJ 
For R<<Rm: 
ImV0    =    wVinSCm 
(R+Rm)^w^Cm^Rm^R^ R 
For  a)CmRmR<<R+Rm as  in  ImV0: 
W
2Cm2Rm2R2«R(R+Rm) 
a)2Cm2<<Rni-2-»-CRmR)"1 
(2ir-100 Hz)2-10-20F2<<10-16mho2+10-8-5xl0-2mho2 
ReV0 « R(R*Rm)V4T1S.l 
(R+Rm)z   R 
ReV0 « VinSGm 
8 3 
Appendix D. 
Determination of Metal-Semiconductor Work Function 
Difference 4>m*  From Vfh versus Xp (Oxide Thickness") 
Chromium:  <j>ms = -0.8 V from Vfb intercept of p-Si 
curve. 
4>ms   =   "0.3 V from Vfb intercept  of n-Si 
curve. 
<f>m    -   3.99  Cr  samples [38]   with  xsi = 4.05eV 
$ra    =   3.94 Al  samples [38]   with xSi=4-05eV 
P"si     *ms   =   *m-(xSi+.5EG+*p)   =   3.99-(4.05+0.555+0.35) 
=   -0.965  eV 
n-Si     4>ras  =   «J>m-Cxsi+-5EG+*n)   *  4.18-(4. 05+0. 555-0. 33) 
=  -0.285  eV 
Aluminum:     4>ms  =   -0.8 V from Vfb   intercept of p-Si 
^ms   =   -0.675 V from Vfb   intercept  of n-Si 
P=si     *ms   =   3.94-(4.05+0.555+0.311) 
= .976   eV 
n-Si     <J>ms   -   3. 94-(4. 05+0. 555-0 . 281) 
=-.384   eV 
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